sweat collection and testing. The miners method involves using a solution of iodine, castor oil and diluted alcohol painted uniformly on the skin. Once dry, a powder is placed over it so that the skin is white. Any sweat then appears as dark spots on a white background. The original method for testing the components of sweat after exercise was to use the whole bodywash down technique. The procedure involves weighing the subject before and after exercise to determine whole body sweat loss. All fluids lost during theworkout are stored for analysis [18] . The method has been found to generate results with a high coefficient of variation, which has lead to the development of sweat collection patches or capsules [22] . For example, a disposable sweat collector developed by Brisson et al. consisted of capsule, created inside a flexible adhesive membrane pasted onto the skin [23] . These collected samples are then stored at low temperatures for later analysis in a laboratory. At present, the pH of sweat can only be analysed when the subject has finished exercise and does not give any information on changes which might occur between the beginning and end of an exercise session. It can be seen that a real-time, wearable method of gathering and analysing sweat is in demand. This paper details the development of a textile based fluid handling system for real-timemonitoring of sweat pH. Sweat has been chosen as it is an easily accessible fluid sample. The anticipated applications of this system are in personal health and sports performance and training.
Experimental

Fluid handling platform
The design of the sweat collecting fluid handling platform is based on using fabrics with inherent moisture wicking properties. It collects the sweat from the skin surface and wicks the sample through a predefined channel to the sensing area. It was determined that sports materials, which are used to move sweat from the wearer's skin to the surface of the fabric where it can evaporate are ideal candidates for this application. Such material can be purchased in specialist sports stores and are generally composed of a polyester/lycra® blend. In optimising the design for the pump, a number of different channel widths and lengths were used. The performance of each design, with particular reference to positioning of sensors and flow rates, was evaluated using the experimental setup shown in Fig. 1 . In this arrangement, the channel of the fabric pump is connected to a reservoir of deionised water and the weight gain of the patch and absorbent is recorded in order to calculate the flow rate. The channel dimensions were defined by coating the fabric with a silicone sealant (RS 494-118), supplied by Radionics. The final design, shown in Fig. 2 , has a patch of dimensions of 55mm×40mm and a fluidic channel, measuring 7mm×20mm at the inlet and 2mm×20mm at its end. Following this a polyurethane film is affixed to the back or skin-side of the patch, leaving a window measuring 7mm×8mm as the inlet through which sweat enters the channel. An extra fluid collection layer was then attached at the back of the patch. The pH sensor is fabricated at the inlet as shown in Fig. 2 . To maintain continuous fluid flow a super absorbent material was attached at the end of the fluidic channel. The absorbent (Absorbtex) supplied by Smartex (www.smartex.ie) is used. It consists of absorbing particles sandwiched between two sheets of absorbing paper and has a free swell capacity of 25 g/g and a weight of 172 g/m2. Based on the average sweat rate of 17 mg/min for male athletes, approximately 5cm2 of the absorbtex material is required for 2 h of continuous operation. Finally, a homemade black silicon rubber gasket is fixed around the fabric patch. This is used to secure the specifically machined opaque cover on which the optical detection components are mounted. It also serves to block any ambient light.
pH sensor and optical detector
A colorimetric approach was used for sweat pH measurement. This involved using a pH sensitive dye which changes colour depending on the pH of the sweat. This colour changewas detected by diffuse reflectance measurement using an emitterdetector LED technique developed in our laboratory [26] . During exercise, human sweat typically varies from pH 5-7 [15] . Bromocresol purple (BCP, pKa = 6.2) is suitable for the required range of measurement and is fabricated directly onto the fabric channel by co-immobilising the dye with tetraoctyl ammonium bromide.To obtain quantitative pH measurements a paired emitterdetectordual LED configuration was used. The detector LED is reverse biased at a specific voltage. The photocurrent generated upon incident light then discharges the LED at a rate that is proportional to the intensity of light reaching the detector [24] . The optical detectorwas controlled using a CrossbowMica2dotmote. A simple threshold detection/timer routine is mplemented and data is transmitted wirelessly to aMica2 base station connected to a laptop for analysis. This configuration is described in detail previously [25] . Red LEDs (Kingbright, L934sRCG) with maximum emission wavelength at 610 nmwere used to configure the optical sensor. The LEDs were positioned over the fabric channel fixed inside a black PMMA cover which was fitted into the rubber gasket. The sensor and optical system is illustrated in Fig. 3 . For on-body trials, awaistband, fabricated by Smartex,was used. This houses the pH sensor, electronics and a reference patch. The pH sensor is enclosed by the waistband so that only the collection layer was in contact with the skin. In the case of the reference patch, there is an opening to the skin. This is done so that reference pH measurements can be made using an onskin skincheckTM pH probe. 
Results
Fluid handling system
In this work, a fluid handling system has been developed which will allow for real-time analysis of sweat composition. Generally speaking, the development of a fluid handling system requires some method of gathering and moving fluid through the measurement system. This is generally achieved by using a micropump. Mechanical micropumps have many limitations that include high operation voltage, high power consumption, complicated configuration and incompatibility with the wearable format [26] . Therefore, this work has focused on the development of a textile based sample collection and delivery method. The basis of the textile fluidic platform is a moisture wicking material. The requirements for this material are that it has good sweat transportation efficiency, inert to sweat components, does not interfere with the sensor and be lightweight. Based on these considerations, three different polyester/lycra® blends were evaluated in terms of their fluid transportation capability, in centimetres per minute, through the warp and weft weaves. The composition of each blend and the results are shown in Table  1 where it can be seen that a density of 115 g/m2 and blend of 92% polyester and 8% lycra® gave the best result and was selected for this work. The channel size (width and length) have been designed and optimised to satisfy the flow rate requirement and the number of sensors anticipated to be included in the sensing device. The rate of fluid collection by the passive pump with a channel size of 1 cm width×4 cm length is shown in Fig. 4 . Three regions can be observed. These are (1) from a dry state, the rate of fluid transport through the fabric was low and was due to natural wicking by the fabric, (2) when the fluid reaches the super absorbent, the fluid movement was controlled by the absorbent and the rate of flow increased and (3) when the absorbent became saturated the rate of fluid movement slowed considerably. It was found that the rate of liquid delivery by the passive pump could be manipulated by changing the channel size and the contact area between the super absorbent and the channel. A more structured design with channel widths, 5mm, 7.5mm and 10mm, and channel lengths, 10mm, 20mm and 40mm was tested. The measured flow rate for each configuration is shown in Table 2 . It can clearly be seen that the flow rate is reduced by both longer and narrower channels. In addition to allowing enough area for the sensors, the flow rate should match the rate at which the subject is expected to produce sweat during exercise. In a study by Patterson et al. on regional sweat rates in human males it was shown that there was a definite variation between the sites at which sweat rate was measured [18] . It was decided to locate the platform at the lower back where the sweat rate is approximately 0.85mgcm−1 min−1. This sweat rate corresponds to a flow rate through the fluidic channel of approximately 20mg/min for the area covered by the fabric patch. This should provide a sufficient amount of sweat for analysis by the developed system. In addition, the selected location allows sensors to be integrated into a waistband to reduce artefacts from body motion. To prevent the channel being dried-out during analysis, it was tapered at its end. The effect of tapering on a fluidic channel of width 1 cmand 8mmcan be seen in Table 3 , where the flow rate is reduced significantly. The optimised pump design is shown in Fig. 1 . A typical pump performance is shown in Fig. 5 . The initial five minutes represent the time it takes for the liquid to move across the fabric strip and enter the fluidic channel. Following this, there was a continuous linear increase in the mass of the liquid uptake with time. From this data, the flow rate of the deionised water through the channel was calculated. Once the system stabilized the average flow rate was 11 mg/min. This is slightly lower than the optimal measured sweat rate for human males.However, it is envisaged that this may be useful in ensuring a stable film of sweat forms along the fluidic channel, which is essential for the correct operation of any sensor placed along it. 
pH sensor 5.2.1. On-fabric pH sensor
A number of methods currently exist for the measurement of pH. The most popular of these is the pH-probe, which can be placed in contact with the skin in order to measure pH. The drawback to this approach is that the probe cannot be held incontact with the skin over a long period of time and it would be prone to drift and motion artefacts. An ideal wearable sweat pH sensor would be to use the textile itself as the sensor where sweat is collected and moves away continuously, hence providing fresh sample for analysis at all times. This concept is investigated by immobilising a pH sensitive reagent directly onto a textile material which will give a visible colour change with variation of sweat pH. An optical detector can then be used to obtain a quantitative measure of these colour changes. In this work a 5_L drop BCP dye was immobilised onto the polyester/lycra® blend using a stamp and left to dry for at least 1 h. The response of the on-fabric pH sensor was evaluated in by calibration with buffer solutions. The results are shown in Fig. 6 . The sensor exhibited a colour change from yellow to blue in the region pH 4-7 which was detected by the optical detector. The detected light intensity is plotted against the pH value in Fig.  7 . The model for the best-fit sigmoid curve fitted to the data was I = (a/(1 + eb(pH−z)))+ c where I is the detected light intensity, a is the peak height, b is the slope coefficient, z is the point of inflection and c accounts for a baseline offset [26] . The pKa for this sensor is estimated to be 6.5 which is slightly higher than the literature value of 6.2. However, it has been shown that immobilization would increase this value due to a change of microenvironment [27] . The stability of the textile based colorimetric sensor was demonstrated by repetitive calibrations that showed good repeatability with relative standard deviation (R.S.D.) typically within 2% (see Fig. 7 ). This indicated that the pH indicator dye was fully reversible to pH changes to allow repeated calibrations and that no significant dye leaching occurred during the experiments.We therefore believe that the performance of the proposed sweat pH sensor to be able to satisfy the realtime on-body measurement during the envisaged application that involves a single 2-h physical exercise session. At present, the sensor fabrication is done manually so that it is not possible to control sensor membrane thickness. Therefore, individual sensors have to be calibrated with 2 pH buffer solutions after each trial. This may not be necessary in the future as we are looking at the possibility of inkjet printing which can give much more accurate dye loading; therefore more consistent responses between sensors are expected. 
On-body trials
Sweat rate and fluid losses vary for individuals and are generally dependent on body size, gender, exercise intensity, environmental conditions and individual metabolism [28] . In testing the developed patch on body, it has been observed that it takes approximately 10-15min to produce an appreciable amount of sweat during exercise. Following this, a further 5-10min must be allowed for the acquisition layer to become saturated for sufficient sweat to enter the channel of the fluid handling system. In general the priming process takes from 25 to 30min. For on-body trials, the subject was equipped with a waistband containing the fluidic platform with pH sensor and a reference patch. After 10min of cycling, continuous pH measurements were initiated. Reference measurements were taken manually at fixed time intervals. Many on-body trials were conducted and in Fig.  8 is a typical real-time response profile that shows that the sweat pH analyser compared reasonably well with the commercial pH probe. There was a significant increase in the measured pH after 25min and this represents the time when sweat rate began to increase during exercise. The increase in sweat pH with time measured corresponds well with what has been expected from the literature [9, 15] . There are some discrepancies between the values of the pH sensor and the reference measurements. It was due to a number of factors, for example, the direct contact of pH probe on the textile is likely to affect the output data. Also, the sweat sample on the reference patch were open to air and therefore had the opportunity to interact with carbon dioxide of the atmosphere, hence resulting in lower pH values. This is the major advantage of our proposed sweat pH monitoring system which measures the sweat pH from where it emerges and within an almost enclose package. Future work will focus on the integration of the pH sensor with sodium and conductivity sensors and the use of a Bluetooth communication system for sensor control. Furthermore, this work will focus on reducing the error between the calibration pH values and those measured by the sensor.
Conclusion
In this work, the design of a textile based fluid handling system and pH sensor based on paired emitter-detector LEDs has been outlined. The ability of the fluid handing system to collect sweat from the skin and transport it in a controlled way down the channel and into the absorbent has been demonstrated during in vitro and in vivo trials. Furthermore, it has been shown that by placing sensors along the channel, a biochemical analysis of that sweat can be obtained. The pH sensor developed in this work has shown an increase in sweat pH during exercise, which can be explained by considering the relationship between pH and sweat rate.
